Summary. Endemic fluorosis is a condition resulting from prolonged ingestion of drinking water which contains excess fluoride. Studies on rats have suggested that fluoride toxicity may produce glucose intolerance and abnormalities in insulin secretion. We studied glucose and insulin profiles following an oral glucose load in patients with endemic fluorosis. Twenty-five young adults (age range, 15-30 years) with endemic fluorosis, and an equal number of matched healthy control subjects with normal fluoride intake were studied. Impaired glucose tolerance was demonstrated in 10 of 25 (40%) patients with endemic fluorosis. Patients with impaired glucose tolerance had significantly higher fasting serum immunoreactive insulin (p <0.05), higher fasting serum fluoride (p < 0.001), and a significantly lower fasting glucose to insulin ratio than that in patients with normal glucose tolerance (p < 0.001) or control subjects (p < 0.05). The fasting serum fluoride levels correlated positively with the area under the glucose curve (r = 0.80, p < 0.01) in patients with impaired glucose tolerance. Interestingly these abnormalities could be reversed when the village was provided drinking water with fluoride levels within acceptable limits. The present study shows that chronic fluoride toxicity in humans could result in significant abnormalities in glucose tolerance which are reversible upon removal of the excess fluoride.
Endemic fluorosis, a disorder mainly affecting dental and skeletal tissues, is a major public health problem in many countries in Africa and Asia including India [1, 2] . Although an increased fluoride load has been shown to induce changes in insulin and glucose levels in previously normal experimental animals, [3, 4] this has not been studied in patients with endemic fluorosis. We therefore studied the glucose and insulin profile after an oral glucose load in patients with skeletal fluorosis residing in a highly endemic area, in the state of Uttar Pradesh in Northern India.
Subjects and methods

Subjects
We studied 25 patients (14males, 11females; age range 15 to 30 years) who had clear evidence of skeletal and dental fluorosis on clinical and radiological evaluation. All the subjects had been consuming water with fluoride levels above the acceptable limit [5] since birth (i. e. water from shallow wells, fluoride levels ranging from 2 to 13 rag/l), and were excreting high levels of fluoride in their urine (range 2-8 mg/1). The subjects were non-obese, non-smokers, postpubertal, and were not taking any medication. They had no history of overt diabetes mellitus or hypertension or family history of these diseases. The control group consisted of 25 age-, sex-and BMI-matched normal individuals with comparable social and working conditions, except that they were consuming water with acceptable fluoride content ( < 1 mg/1), and their urine fluoride levels ranged from 0.2 to 0.5 mg/1.
Methods
The patients and control subjects were consuming their normal diets at the time of study. After an overnight fast they drank a 75-g glucose solution. Venous blood was obtained in the fasting state and at 60 and 120 min after the oral glucose load. Sera were stored at -20~ Samples were assayed for glucose (glucose oxidase method) and immunoreactive insulin (IRI, double antibody separation, intra-and inter-assay variation < 10%). Fluoride levels (ion-specific electrode, F9409; Orion Research, Boston, Mass., USA) were also estimated in the fasting serum sample. Fasting glucose: insulin (G :I) ratio was calculated by dividing serum glucose in mmol/l by serum immunoreactive insulin in p.U/ml; and area under glucose and insulin curves was calculated by the trapezoid rule.
The village was provided with an alternative water source within a month (i. e. water from deep wells, with fluoride content < i mg/1). The tests were repeated in those subjects with impaired glucose tolerance (IGT, n = 10) using a similar protocol after a period of 6 months. During these 6 months the subjects continued to consume their normal diet.
Results
Of 25 patients with endemic fluorosis, 10 (6 males, 4 females) had IGT according to World Health Organisation criteria. Endemic fluorosis patients with IGT had significantly higher (p < 0.001, two-way ANOVA) serum glucose levels for repeated measurements after glucose load; they also had higher area under glucose curve (Fig. 1) , fasting serum immunoreactive insulin (Table 1) and area under insulin curve (Fig. 2 ) than those patients with normal glucose tolerance (NGT) and healthy control subjects. The fasting serum G: I ratio was significantly lower in patients with IGT than those with NGT and healthy control subjects (Table 1) . Serum fluoride levels were significantly higher in patients with IGT (0.08 + 0.04 mg/1) than those with NGT (0.02 + 0.01 mg/1, p < 0.001) and healthy control subjects (0.01 + 0.009 mg/1,p < 0.001).
The serum fluoride levels correlated positively with area under glucose curve (r = 0.80, p < 0.01) in patients with IGT, but fasting IRI, area under insulin curve and fasting G:I ratio showed no correlation with serum fluoride in these patients. However, serum fluoride showed a significant positive correlation with fasting IRI (r = 0.54, p < 0.05), and a significant negative correlation with fasting G:I ratio (r=-0.49, p <0.01) when all 25patients with endemic fluorosis were analysed together. Serum calcium, inorganic phosphorus and 25 hydroxy-vitamin D levels were normal, and serum alkaline phosphatase higher in patients with endemic fluorosis (data not shown).
Statistical analys&
Statistical analysis was performed using Student's t-test, two-way analysis of variance (ANOVA) and correlation coefficient wherever applicable.p values less than 0.05 were considered to be significant.
Effect of pro vision of safe water
After 6 months of normal fluoride intake IGT normalised in the patients with endemic fluorosis, the fasting serum IRI decreased and fasting G: I ratio increased significant-ly ( Table 1 ). The serum fluoride levels (0.02 + 0.01 mg/1) also fell significantly as compared to initial levels in patients with IGT (p < 0.001).
Discussion
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The mechanism of fluoride-induced glucose intolerance and alteration in insulin levels is not clear. Glycosuria [6] and hyperglycaemia [7, 8] have been demonstrated in experimental rats exposed to fluoride, and may be due to an increase in hepatic glucose 6-phosphatase activity [7, 8] . After acute administration of fluoride in rats insulin secretion is inhibited, which led to hyperglycaemia [3] . In contrast Howell and Montague [9] have demonstrated that fluoride enhances production of cAMP in isolated islets of Langerhans from rats, resulting in increased insulin secretion. Chronic fluoride toxicity in intact experimental rats has been shown to produce subtle abnormalities in glucose tolerance without significantly altering insulin levels [4] .
Our study showed that fasting serum IRI was significantly higher in patients with IGT. Elevated serum IRI along with elevated serum glucose indicate either secretion of bio-inactive insulin or insulin resistance. In the absence of a specific assay for proinsulin, elevated IRI in our study could reflect elevated proinsulin which has lower bioactivity. Insulin resistance, a potentially deleterious condition [10] could also be occurring in our study subjects and warrants further investigation.
The present study shows that a substantial proportion of young adults with endemic fluorosis have IGT, which is reversible upon removal of the fluoride load. This finding could have major implications for countries where millions are affected by fluorosis [1] and perhaps also for fluoride-treated osteoporotic subjects. Thus further studies are warranted.
